Limited information is available regarding horse-associated antimicrobial resistant (AR) Escherichia (E.) coli. This study was designed to evaluate the frequency and characterize the pattern of AR E. coli from healthy horse-associated samples. A total of 143 E. coli (4.6%) were isolated from 3,078 samples collected from three national racetracks and 14 private horse-riding courses in Korea. Thirty of the E. coli isolates (21%) showed antimicrobial resistance to at least one antimicrobial agent, and four of the AR E. coli (13.3%) were defined as multi-drug resistance. Most of the AR E. coli harbored AR genes corresponding to their antimicrobial resistance phenotypes. Four of the AR E. coli carried class 1 integrase gene (intI1), a gene associated with multi-drug resistance. Pulsed-field gel electrophoretic analysis showed no genetic relatedness among AR E. coli isolated from different facilities; however, cross-transmissions between horses or horses and environments were detected in two facilities. Although cross-transmission of AR E. coli in horses and their environments was generally low, our study suggests a risk of transmission of AR bacteria between horses and humans. Further studies are needed to evaluate the risk of possible transmission of horse-associated AR bacteria to human communities through horse riders and horse-care workers.
Introduction
Escherichia (E.) coli is a predominant facultative anaerobe that is a Gram-negative commensal microorganism present in the gastrointestinal microflora of humans and animals. Most E. coli strains are non-pathogenic, and some strains play important roles as constituents of microflora in the intestinal tracts of healthy animals. However, pathogenic E. coli, such as enteropathogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC) and diffuse adhering E. coli (DAEC), cause diseases of the gastrointestinal, urinary or central nervous system in humans [19] . These illnesses are sometimes associated with food poisoning caused by ingestion of contaminated food.
Resistance to antimicrobials in bacterial strains is considered as a serious threat to public health, particularly in developing countries. In the past two decades, the frequency of isolation of antimicrobial resistant (AR) bacteria, including those resistant to fluoroquinolones and cephalosporins, has increased [17] . E. coli is sometimes used as a sentinel strain for monitoring antimicrobial resistance in fecal bacteria because it is most commonly cultured from a wide range of hosts [9] and easily acquires antimicrobial resistance through genetic mutation or horizontal gene transfer via certain mobile genetic elements, such as transposons, bacteriophages and plasmids [4] . Additionally, many dfr genes responsible for trimethoprim (TMP) resistance have been found in gene cassettes inserted in integrons [33] . Since many gene cassettes of integrons possess diverse antimicrobial resistance genes in Gram-negative bacteria, such as E. coli, horizontal gene transfer by integrons causes the emergence of multi-drug resistant (MDR) bacteria [23] .
The prevalence and distribution of AR E. coli from food and pet animals have been studied extensively, and the transmission of AR E. coli between animals and humans has been demonstrated [25, 26] . However, unlike other animals, much less attention has been given to the prevalence and possible cross-transmission of AR E. coli associated with horses. According to a report by the Korean Racing Association (KRA), the size of the horseback-riding industry is rapidly increasing annually and the estimated number of horse riders was about 420,000 in 2013 Korea [14] . This may suggest an increased chance of transmission of zoonotic pathogens originating from horses to humans due to the increased contacts with horses. Thus, it is important to evaluate this risk owing to the potential public health threat.
In the present study, horse-associated E. coli were isolated and identified from samples acquired from horses and their environments in national racetracks and private horse-riding courses in Korea during 2013. The frequency of AR E. coli and their AR profiles and molecular fingerprints were determined to evaluate their distribution and clonalities in horses and horse-associated environments. The current study provides the first data describing the dissemination of AR E. coli in horses in Korea that will be invaluable to estimation of the potential risk of transmission of AR E. coli from horses to humans.
Materials and Methods

Sampling
A total of 3,078 swab and specimen cup samples were collected from three national racetracks (Seoul, BusanGyeongnam and Jeju race parks) and 14 private horse-riding courses (Gyeonggi-do, n = 6; Chungcheongnam-do, n = 1; Jeollabuk-do, n = 3; Jeollanam-do, n = 2, Gyeongsangbuk-do, n = 2) in Korea from July to October in 2013. Healthy skin (n = 645), nasal cavity (n = 644) and fecal (n = 637) samples were collected from horses, while environmental samples were collected from feed boxes (n = 646), drinking water (n = 495) and bedding (n = 11). Swab methods were used to collect superficial samples (skin and feed box) and nasal cavity samples as follows: (1) healthy skin: a swab was placed on the healthy skin of the horse neck region and swept 3 to 5 times along 15 cm of the surface; (2) feed box: the residual feed was removed and a swab sample was collected from the surface as described above; and (3) nasal cavity: a swab was passed into horse's nostril to a depth of at least 10 cm and rotated to absorb nasal secretions. All swab samples were immediately placed into individual sterile collection tubes containing Amies transport medium (YUHAN LAB TECH, Korea). The rest of the samples (feces, drinking water and bedding) were aseptically collected and placed into sterile specimen cups (Medikorea, Korea). All individual samples were transported to the laboratory on ice within 6 h of collection. On arrival, the samples were immediately processed as described below.
Isolation and identification of E. coli
All samples were subjected to the non-selective preenrichment step as described below. Briefly, the tip of the swab stick (swab samples: skin, nasal cavity and feed box) or 1 g (or 1 mL) of the specimen cup sample (feces, drinking water and bedding) was put in 10 mL of buffered peptone water (BPW; Becton, Dickinson and Company, USA) and vigorously vortexed. The pre-enrichment medium was incubated at 37 o C for 24 h. After incubation, 1 mL of BPW was transferred into 9 mL of Escherichia coli broth (ECB) and incubated at 37 o C for 24 h for the selective growth of coliforms or E. coli. The culture in the ECB was then streaked onto MacConkey agar (Becton, Dickinson and Company, USA) plates and incubated at 37 o C for 24 h. Putative E. coli colonies were selected according to a standard protocol previously established in our laboratory. For further confirmation, E. coli were identified by strain-specific polymerase chain reaction (PCR) targeting the 16s ribosomal RNA region [29] .
Antimicrobial resistance profiling of E. coli isolates
Antimicrobial susceptibility was determined by a standard disk diffusion test [31] [7] . E. coli ATCC 25922 (American Type Culture Collection, USA) was used as a reference strain. The MDR isolates were defined as E. coli isolates resistant to three or more different categories of the evaluated antimicrobials [15] .
To confirm the TMP resistance of candidate E. coli isolates, the minimal inhibitory concentrations (MICs) of TMP were determined by the standard agar dilution method according to the guidelines of the CLSI [6] . Isolates with a MIC of 16 g/mL or higher were considered to be resistant to TMP. E. coli ATCC 25922 was used as a reference strain.
Detection of antimicrobial resistance and integrase genes
Isolates showing resistance to AM, S, TE and SXT were PCR screened for the presence of the following antimicrobial resistance genes: AM resistance genes (SHV and TEM) [22] , S resistance genes (strA-B and aadA) [27] , TE resistance genes (tetA and tetB) [20] , sulfamethoxazole (SMX) resistance gene (sul1) [30] and TMP resistance genes (dfrA1, A9, A7/17 and A12/13) [10, 16] . To differentiate dfrA7 and dfrA17 genes, the PCR products of dfrA7/17 genes were digested with Pst1 restriction enzyme before gel electrophoresis. Since the Pst1 restriction site is only present in the dfrA17 gene, the two genes can be easily differentiated by the band pattern of restricted PCR fragments [16] . The integrase genes were amplified using the PCR primers hep35-TGCGGGTYAARGATBTKGATTT and hep36-CARCACATGCGTRTARAT, which were specific for the conserved regions present outside of the integron-encoded integrase genes intI1, intI2 and intI3 [31] . The class of the integrons was determined by restriction analysis of the PCR fragments (restriction fragment length polymorphism). Briefly, the PCR fragments were restricted with HinfI restriction enzyme and the band patterns of restricted fragments were analyzed by gel-electrophoresis. intI1 generates a single band of 491 bp, while intI2 produces two bands of 191 and 300 bp and intI3 generates two bands of 119 and 372 bp, respectively [31] .
Determination of O and H serotypes
The type of O-antigen of each isolate was determined by the slide agglutination method as described by Guinee et al. [12] using polyvalent and monovalent antisera (JoongKyeom, Korea). H-antigen typing was conducted by the test tube method using the bacteria cultured in liquid medium with H2, H4, H7, H11, H16, H19, H21 and H51 antisera as previously described [10] .
Molecular fingerprinting
The genetic relatedness among the AR E. coli isolates was determined by standard pulsed-field gel electrophoresis (PFGE) using CHEF MAPPER (Bio-Rad Laboratories, USA) according to the manufacturer's instructions. Briefly, AR E. coli isolates cultured overnight in Tryptic Soy Broth (Becton, Dickinson and Company) were streaked onto Tryptic Soy Agar (Becton, Dickinson and Company) and incubated at 37 o C for 14 to 18 h. The bacterial colonies of each isolate were then suspended in 0.8% saline and adjusted to 4.0 McFarland. Next, suspensions were embedded in 1.0% agarose plugs and lysed with proteinase K (Sigma-Aldrich, USA). The lysed plugs were then digested for 2 h with 50 U of XbaI restriction enzyme (New England Biolabs, USA) at 37 o C. Digested plugs were subsequently placed on 1.0% SeaKem Gold agarose (Lonza, USA) and PFGE was carried out at 6.0 V for 19 h with a ramped pulse time of 6.76 to 35.38 sec in 0.5× Tris-Borate-EDTA (TBE) buffer at 14 o C. BioNumerics software (Applied Maths, Belgium) was used to establish a DNA similarity matrix using the dice coefficient (0.5% optimization, 1.0% tolerance) and the un-weighted pair group method.
Results
E. coli isolation from horse-associated samples
A total of 143 E. coli (4.6%) isolates were obtained from 3,078 horse-associated samples (Table 1) . Ninety six isolates (5.0%) were obtained from horses, 51 from fecal samples, 25 from nasal cavity swab samples and 20 from healthy skin swab samples. Additionally, 47 isolates (4.1%) were from facility environments, while 19, 25 and 3 isolates were obtained from drinking water, feed box and bedding samples, respectively (Table 1) .
Phenotypic characterization of antimicrobial resistance of E. coli isolates
The number of E. coli isolates showing resistance to each antimicrobial is shown in Table 2 . Thirty E. coli isolates (21%) were resistant to at least one antimicrobial, while all isolates were susceptible to CAZ, IMP, CIP, NA, C, CRO, CTX and AN. Antibiogram analysis revealed that the frequencies of AR E. coli isolates were 10.5% (15 isolates) and 8.4% (12 isolates) for S and TE, respectively, followed by 6.3% (9 isolates) for SXT. The other 11 isolates resistant to AM, AMC, GM, ATM and CTT accounted for minor portions of the organisms identified in this study. Only four isolates were identified as MDR E. coli, which showed resistance to more than three classes of antimicrobials. The frequencies of antimicrobial resistance to each antimicrobial were higher in E. coli isolated from horses than those from environmental samples, except for AMC ( Table 2) .
Detection of antimicrobial resistance and integrase genes in AR E. coli isolates
Gene-specific PCR of the AR E. coli isolates from the four 
Sub-total (n = 96) 5 (5.2%) 2 (2.1%) 1 (1.0%) 9 (9.4%) 9 (9.4%) 1 (1.0%) 13 (13.5%) 1 (1.0%) 4 (4.
Total n = 143 5 (3.5%) 3 (2.1%) 1 (0.7%) 12 (8.4%) 9 (6.3%) 1 (0.7%) 15 (10.5%) 1 (0.7%) 4 (2.8%) * , † A total of 30 isolates (21%) were defined as AR E. coli from horses (n = 25; 13 from feces, 6 from skins and 6 from nasal cavities, respectively) and environmental samples (n = 5; 2 from drinking water and 3 from bedding, respectively). Note that AR E. coli showing resistance to more than one antimicrobial agent were redundantly counted in each antimicrobial resistant test. AM, ampicillin; AMC, amoxicillin/clavulanic acid; GM, gentamicin; TE, tetracycline; SXT, sulfamethoxazole/trimethoprim; ATM, aztreonam; S, streptomycin; CTT, cefotetan; MDR, multi-drug resistance. most frequently recovered AR phenotypes (AM, S, TE and SXT) was conducted to detect AR genes responsible for their AR phenotypes (Table 3) . Among the E. coli isolates resistant to AM, three (60.0%) harbored the TEM gene. The strA-B genes were widely distributed among S-resistant isolates (86.7%). Interestingly, the tetA gene (66.7%) was more prevalent than the tetB gene (8.3%) in TE-resistant E. coli isolates in this study. Only two SXT-resistant E. coli isolates (22.2%) harbored the sul1 gene responsible for SMX resistance. The dfrA1 gene was the most prevalent TMP resistance gene, followed by the dfrA9 gene (22.2%) and dfrA17 gene (11.1%) ( Table 3 ). All 30 AR isolates were screened for the presence of integrase genes. Only four isolates harbored an integrase gene (all class 1 integrase gene, intI1). These isolates were all obtained from horses (three from horse feces and one from the nasal cavity). Although only two were defined as MDR isolates based on the definition in this study, they all carried at least two antimicrobial resistance genes (Table 4) . Fig. 1 . Pulsed-field gel electrophoresis (PFGE) analysis of antimicrobial-resistant E. coli isolates. All the genomic DNA samples were digested with XbaI followed by standard PFGE analysis (see Materials and Methods). Levels of similarity were determined using Dice coefficient (0.5% optimization, 1.0% tolerance) and the un-weighted pair group method. Individual PFGE patterns are summarized with their isolate ID, antimicrobial resistance profiles, sample sources and PFGE types. *Identification number of each E. coli isolate was given as the serial number of the sampling facility followed by the isolate number in the facility. † Antimicrobial-resistance profiles. ‡ Reference strain for PFGE analysis. § Not resistant to any tested antimicrobials. TE, tetracycline; SXT, sulfamethoxazole/trimethoprim; AMC, amoxicillin/clavulanic acid; AM, ampicillin; CTT, cefotetan; S, streptomycin; GM, gentamicin; ATM, aztreonam.
Serotyping of E. coli isolates
Out of the 143 E. coli isolates, only 41 (28.7%) were defined by their serotypes based on the serotyping methods used in this study. The 41 isolates were clustered into 19 serotypes including O28ac (O28ac/H-, 4 isolates) and O148 (O148/Hand O148/H7, 4 and 1 isolates, respectively) (data not shown).
Genotyping of AR E. coli by PFGE
Since the serotyping method used in this study revealed serotypes from only three of the 30 AR isolates, all of the AR isolates were subjected to PFGE analysis to determine their genetic relatedness. Two AR isolates did not show electrophoresed bands and were therefore excluded from the analysis. Except for 5 isolates clustered into two clonal sets (Type G and L), all AR isolates showed distinct genotypes that indicated weak genetic relatedness (Type A to Y) (Fig. 1) . In the case of type G, two E. coli isolates showed the same antibiogram profiles and were isolated from the feces of two different horses on the same horse-riding course. In the case of type L, three E. coli isolates showing slightly different antibiogram profiles were acquired from different sample sources (feces, feed box and nasal cavity) at the same national racetrack (Fig. 1) .
Discussion
To date, many studies have evaluated the prevalence of AR bacteria in food and pet animals and the risk of transmission to humans [25, 26] . However, only a few studies have investigated leisure and sports animals, such as horses, for antimicrobial resistant microorganisms. The recent increase in the horse racing and riding industries in Korea [14] indicates an increased possibility of introducing horse-related pathogens into human communities. In this study, we investigated the frequency of antimicrobial resistant E. coli isolated from horses and surrounding environments and characterized AR E. coli to evaluate the risk of transmission to humans. This is the first study conducted to isolate and characterize AR bacteria from horses using samples collected nationwide, including from three national horse racetracks in Korea.
E. coli is one of the most commonly isolated bacteria from animal related specimens [9] . However, the isolation rates from horse related samples were generally low in the current study (overall average: 4.6%). E. coli are first secreted from the animal intestine by fecal shedding, then spread to other material by contact transmission. Except for the primary source of E. coli (feces, 8.0%) and their first contact material (bedding, 27.3%), E. coli isolation rates from horses and their surrounding environments were very low (＜ 4%). These findings indicate that all of the investigated horse related facilities maintain a good hygienic management that minimizes the transmission of fecal contaminants. All of the facilities we visited kept a high level of hygiene by immediate removing dropped feces, frequently replacing bedding and periodically cleaning the facilities.
Out of the 143 E. coli isolated, 30 (21%) showed resistance to at least one antimicrobial compound. This frequency was much less that observed for E. coli isolated from fecal samples of hospitalized horses (81.7%), but similar to that for healthy horses (24.5%) [1] . When E. coli isolated from horses and environments was compared, the AR rate was higher in isolates collected directly from horses. In addition, MDR E. coli and E. coli carrying class I integrase gene, a gene associated with multi-drug resistance in bacteria, were only isolated from horses. These results are somewhat different from a previous study in which the frequencies of AR E. coli from animals were similar to or higher than those from environments in food animal farms [24] . Therefore, the lower AR ratio of environmental isolates in this study might suggest good hygienic management in the horse facilities minimized fecal contamination of the environment as mentioned above.
The most frequently detected phenotypes of antimicrobial resistance in AR E. coli were against S, TE and SXT in the current study. This pattern is very similar to the results from a previous study conducted in northwest England [1] , and suggests a relationship with the amount of antimicrobials used in equine medicine. In veterinary medicine, streptomycin is the first-line antimicrobial for Gram-negative bacterial infection in horses [28] . Oxytetracycline, which is the most commonly used antimicrobial, use applied in an injectable form in combination with a sulfa antimicrobial agent to treat bacterial respiratory infections in horses [32] . Similarly, Enterococcal spp. isolated from the same samples used in this study also showed high antimicrobial resistance to TE (18.6%, unpublished data). SXT has also been used extensively for oral administration to horses due to the minor side-effects on the normal microflora of the horse intestine [8] .
As shown in Table 3 , many of the AR E. coli isolated in this study harbored corresponding antimicrobial resistance genes (60-100% in each AR group). The AR E. coli without the antimicrobial resistance genes may have other kinds of antimicrobial resistance genes not screened in this study, or alternative resistance mechanisms such as a biofilm formation [13] . Consistent with the results of a previous study [2] , the TEM gene was most prevalent in AM-resistant E. coli isolates.
Most AR E. coli resistant to S, the most prevalent phenotype of antimicrobial resistance in this study, contained strA-B genes (13/15), which are known to confer a higher level of resistance to E. coli than the aadA gene [27] . Our findings indicate that E. coli harboring strA-B genes are prevalent in healthy horses in Korea. The portion of genes responsible for TE resistance in E. coli is different from that in other countries [5] . While the tetB gene was the prevalent resistance gene in TE-resistant E. coli isolated from horses in the United States [5] , most TE-resistant E. coli harbored the tetA gene in this study. Additionally, all TMP-resistant E. coli harbored at least one of the dfr genes, which are usually encoded on mobile genetic elements including plasmids or transposons [3] . The most predominant dfr gene they harbored was dfrA1gene (88.9%, Table 3 ), which is consistent with the results of a study conducted in northwest England [1] . However, the dfrA17 gene was reported to be the predominant antimicrobial resistance gene to TMP in E. coli isolated from hospitalized horses at the university of Liverpool, UK [2] . Taken together, these results suggest that horse riders and horse-care workers could be transmitters of these AR E. coli to other humans.
Class 1 integron, which is known to be an important genetic element carrying TMP resistance genes in E. coli, is horizontally transferred by conjugative plasmids [33] . Lee et al. [16] reported that most of the TMP-resistant E. coli isolates harbored dfr genes encoded in intI. Class 1 integron is also known to carry multiple resistance genes in enterobacteria [18] . Similarly, all four E. coli isolates carrying the class 1 integron harbored at least two different antimicrobial resistance genes, and two of these were MDR E. coli based on the phenotypical definition (resistant to more than three antimicrobials) in this study. These findings indicate that integrase genes are strongly related to multi-drug resistance, as previously suggested [23] .
Out of the 143 isolates, 41 were serotyped into 19 different serological groups, while the remaining isolates were un-typed by the anti-sera used in this study (data not shown). The 19 defined serological groups included two clinically important serotypes, O28ac and O148, in humans [21] . O28ac is associated with EIEC, which cause non-bloody diarrhea and dysentery by invading and multiplying within colonic epithelial cells. O148 is related to ETEC, which cause travelers' diarrhea [21] . Yun et al. [34] previously reported the prevalence of O28ac and O148 to be 3.1% and 1.1%, respectively, in E. coli isolated from thoroughbred brood mares in Korea. In the current study, the prevalence of the O28ac serotype in E. coli isolated from healthy horses and environments was similar (2.8%) to that observed in a study conducted by Yun et al. [34] , but the prevalence of O148 serotype was slightly higher (3.5%) than that from thoroughbred brood mares in the previous study (data not shown).
Since serotyping only revealed the serotypes of three out of 30 AR E. coli isolates, PFGE analysis was performed for all AR isolates to analyze the clonal relatedness among isolates. Our results revealed no clear evidence of clonal expansion of AR E. coli in horses and their environments. However, two types of clones showed cross-transmission between horses or horses and their associated environments within the same facilities. These results indicate that horses could be carriers of AR E. coli to environments and other animals. Thus, these findings suggest a potential possibility of transmission of AR E. coli from horses to humans via close contact as previously demonstrated between companion animals and humans [11] .
In conclusion, this is the first study to isolate and characterize AR E. coli from healthy horses and their environments by nationwide sampling in Korea. The results indicate that all of the investigated racetracks and private horse-riding courses maintain a high level of hygienic management and there was no clonal transmission of AR E. coli among horse facilities. However, the E. coli isolated from horses showed a considerably high level of antimicrobial resistance, including multidrug resistance. Due to the frequent contact with horses, our study indicates that horse-care workers and riders may be exposed to a potential risk of infection with AR and pathogenic bacteria carried by horses. Therefore, further studies are needed to evaluate the risk of transmission of AR bacteria between horses and horse riders or workers in horse industries.
